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Abstract
With regard to a systematic pavement maintenance, it is necessary to hold information about the current state of roads and to 
forecast its changes precisely. Therefore, a Pavement Management System (PMS) for highways was developed in the past few 
decades, which is shared meanwhile by mostly all road agencies in Germany. Most PMS consist of deterministic performance 
predicition models, which were developed based on historical empirical data. These deterministic prognoses are roundly 
approved and accepted, due to their simple practicability and comprehensibleness even though they contain any information 
concerning the quality of prediction. This lack of information includes the necessity to improve probabilistic prediction models to 
handle different kinds of maintenance strategies. Therefore, the aim of this thesis was to verify, if describing changes in road 
condition by numerically described multi-dimensional probability distributions is feasible and beneficial to improve the 
systematic management of maintenance. First, the following possible explanatory variables like age, traffic loads, design and 
width of lane were analyzed concerning their power of influence on rut depth and cracks. The results of these analyses of 
variance (ANOVA) confirmed that the age of roads is the most effective variable to predict the prospective condition of roads. 
Furthermore, the wide distributions of road condition represent that its development over time is influenced by a large number of 
predictors. As a consequence, a probabilistic forecast model was drafted in dependence of road age. Based on pavement 
condition survey data of more than 500 km of Bavarian roads, a set of age-related transition probability matrices was developed 
for the use of recurrent Markov Chains. The practicability of this section based forecast model was tested with an example of use 
to forecast the prospective condition of an exemplary road section and pointed out its importance and profit in PMS. In this 
research a probabilistic age-related forecast model was developed which is able to indicate the variance of predicted road 
conditions. The developed forecast model gives a fundament to discuss several alternatives for maintenance strategies, which can 
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be implemented in modern PMS. Furthermore, the consideration of variance of service life gives an expansive potential to be 
integrated in construction and maintenance contracts.
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1. Introduction
An increasing traffic load and low budgetary funds require a systematic acting on the part of road agencies 
regarding their pavement management. For a sustainable maintenance planning, it is necessary to hold information 
about the current state of roads and to forecast its changes precisely. The estimation of maintenance-need plays 
meanwhile a major role in policies for both short-term and long-term treatments. Based on these actual trends, 
Pavement Management Systems (PMS) were developed in recent years, which provide extensive information about 
the current state of roads and offer different variations of maintenance strategies and treatments for a sustainable use 
of transport infrastructure. The decision making, concerning these strategies, is fundamentally influenced by 
forecasting models, whose prognostics were deduced from empirical data. With regard to these mostly deterministic 
prediction models, it became apparent that the variance of measured condition attributes is not sufficient represented 
using these types of prediction models. 
As a consequence of this lack of information, the first probabilistic performance forecast models were developed 
to predict the performance of whole road networks. Using this kind of forecast models, it was now possible to
predict the evolvement of road networks as a function of different kinds of maintenance strategies and to assess them 
on a strategic level (Weninger-Vycudil, Samek, Rohringer 2012).
Nevertheless, section based prognosis were still needed to estimate the future performance of single road sections 
in a probabilistic way. This paper gives an overview to the main differences between classical deterministic and 
probabilistic approaches and offers a method to describe changes in road condition by numerically described multi-
dimensional probability distributions to predict the future performance of single road sections. Furthermore, the 
impact and interpretation of the results on maintenance strategies is discussed.
Nomenclature
ANOVA Analysis of Variance
MTPM Markovian Transition Probability Matrix
PMS Pavement Management System
2. Forecast Models
The aim to predict the future state of a process precisely can be achieved with different kinds of forecasting 
methods. Depending on the theoretical approach, forecast models can be categorised in analytical and empirical 
models. The former ones are based on theoretical determination of correlation between measured variables like 
strains or stress and external effects such as traffic loads or climate. The high expenditure of analytical models is the 
biggest disadvantage of these methods. For long-term road monitoring the use of empirical data is an attractive and 
effective alternative, which can be divided into several types of models such as deterministic, probabilistic and 
biology-inspired models.
2.1. Deterministic Models
Deterministic forecast models are the most popular and accepted forecast methods in modern PMS. They consist 
of explicit mathematical functions, which try to represent the future behavior of road sections with a single graph. 
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This type of model is a relatively simple but a descriptive method even though any variance or uncertainty is 
represented (Yang 2008). The use of mathematical regression methods gives the operator an overview about an 
average development of road performance. However, information about confidence intervals is not included at all. 
Due to this disregard of variance, it is necessary to develop those functions for every characteristic combination of 
descriptive parameters. By utilising the least-squares method the best-fit curve, can be determined. A typical 
prognosis function with two calibration factors could be:
(1)
The current guidelines RPE-Stra 01 (Forschungsgesellschaft für Straßen- und Verkehrswesen, 2001) for 
pavement maintenance in Germany are also based on deterministic prognosis functions, which were developed in 
the end of the nineties and are validated by actual data during the last years.
2.2. Probabilistic Models
In contrast to the already mentioned deterministic approaches, probabilistic forecast models exhibit the essential 
advantage of considering the factor of uncertainty regarding performance prediction. They are less common than 
deterministic models, because of their higher complexity (Weninger-Vycudil et al. 2012). Furthermore, large 
numbers of different measurements and years are necessary for the development of such models. Probabilistic 
models describe the future state with distribution functions, considering the variances influenced by different 
external parameters (Weninger-Vycudil, Simanek, Rohringer, Haberl 2009). 
The most popular approach for probabilistic models is called Markov Chains, which are known as an established 
tool for generating prognoses (Molzer, Felsenstein, Viertl, Litzka, Vycudil 2000; Weninger-Vycudil et al. 2009).
On the basis of Markov Chains it is possible to describe the development and its probability of objects. 
Therefore, from empirical data, so called transition probabilities are deduced. These describe the likelihood of 
change between different states of a system during two discrete points of time. For every single combination of 
possible states these probabilities are defined, classified and sorted into a transition matrix. The stochastic process of 
Markov Chains can be differentiated into current and incurrent process. A stochastic process is called incurrent 
when the transition probabilities vary over time. Finally, the future state of an object can be forecasted, depending 
on its current state, which is described as follows:
(2)
Both types of models are based on measured values, gathered from different campaigns of measurement. 
Using the deterministic approach for each section, the representative values have to be determined, which 
describe the current state of the considered section. Those values can be mean values with standard deviation or 
medians. Based on these values a mathematical function can be defined and calibrated, which gives an accurate 
value for every point in time.
In comparison to these models, probabilistic approaches do not give representative values for each section. The 
existing distributions are used as “Input-data” in the form of vectors. By multiplying the current vector with the 
established matrix of transition probabilities, which includes information about traffic loads and climate, distribution 
functions for every point of time can be calculated. After that discretionary, quantiles can be chosen easily by the 
operator. 
A comparison between deterministic and probabilistic forecast models is shown in Fig. 1. The left graph shows a 
classical forecast function based on means. In contrast to the deterministic approach, a second, more pessimistic 
prognosis function is shown in the graph on the right side, which is exemplary based on a 10%-quantile.
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Fig. 1. (a) Deterministic forecast model; (b) Probabilistic forecast model.
Due to the possibility of considering the impact of variance, probabilistic models should be preferred in 
comparison to the deterministic ones. Furthermore, they offer the option to be integrated in decision guidance 
models. The advantages of probabilistic models, respectively the disadvantages of deterministic models, become 
even more apparent by comparing the results of deterministic approaches with actual measured values (Socina, 
2007).
3. Analysis of Variance (ANOVA)
Before developing a prognosis model, significant factors, which influence the behavior of asphalt pavement (in 
the present case rut depth and cracks) were pointed out. Due to the multitude of predictors, which was investigated 
in the last decades and the uncertainty of data respectability, the research was limited to the following four factors:
x Age of top layer
x Traffic loads
x Thickness of superstructure
x Width of lane
To quantify the different degrees of influence for the chosen predictors, multivariate analyses of variance 
(ANOVA) were used. ANOVA consists of several statistical models to test significant differences between means. 
Therefore, the variance of the chosen parameter can be divided and referred to several classified groups within one 
predictor. Additionally to main effects of each factor, interactions between the inspected predictors can be 
statistically tested. The results of these ANOVA confirmed that the age is the most explaining variable to predict the 
prospective condition of roads. Furthermore, the wide distributions of road conditions indicate that its development 
over time is influenced by an interaction of a large number of predictors. Thus, the pointing out of explicit predictors 
of road behaviour is quite problematic.
4. Development of a stochastic prediction model
The development of a prediction model based on numerically described multi-dimensional probability 
distributions was divided into two parts. In the first step, changes in road condition were described with probability 
distributions in dependence of age. The second part included the derivation of incurrent Markov Chains to forecast 
the future state, depending on the current state of the section and its age. For both parts the parameter rut depth was 
categorised into classes with identical width.
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4.1. Describing changes in road condition with probability distributions
On an empirical data basis of more than 500 km length of Bavarian roads the parameter rut depth was analysed
considering the top layer age of each section. The results confirmed the high variance of the measured values. After 
that, the histograms were transformed into steady probability functions by using mathematical density estimations. 
The estimation of densities occurred for every age separately is pictured in Fig. 2.
Fig. 2. (a) Empirical age related densities for rut depth of Bavarian roads; (b) Smoothed densities for rut depth of Bavarian roads.
After this, the single density functions, which can be described by the two characteristic parameters expectation 
and standard deviation, were transformed with a smoothing over time (see Fig. 2. (a)/(b)). As a result, different 
scenarios – a medium or a pessimistic development – were compared (see Fig. 3), which were based on selected 
quantiles of the probability distributions for each scenario. An adequate prognosis was developed by superposition 
of non-linear regression functions. The comparison shows a medium range of 6 mm between the two functions, 
what consists of the wide spreading variance of measured values for each age.
Fig. 3. Comparison between average and pessimistic approach for rut depth and a time span of 20 years.
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The analyses showed explicitly the significance of using stochastic prediction models. However, with this 
approach it was not possible to predict the behavior in dependence of the current state of a section.
4.2. Markov-based prediction model
The second step of developing a stochastic forecast model included the derivation of incurrent Markov Chains as 
a function of age. For this, several campaigns of measurement were used, which took place in temporally intervals 
of four years. The rut depth was established for each point of measurement to create “four-years-transition-matrices” 
(MPTM) for every single age. A typical MPTM is shown in Fig. 4.
Fig. 4. Exemplary empirical Markov-transition-matrix for rut depth.
Due to a lack of information and uncertainty of road age concerning the higher unfilled classes, it was necessary 
to apply a method of smoothing including regression analysis for extrapolating missing data. First, the transition 
probabilities of each matrix and vector were approximated by distribution functions using the least squares method. 
Afterwards, a method of smoothing was applied, including regression analysis for extrapolating missing data. 
After smoothing all matrices, their variation in dependence of time and current classified rut depth were analysed. 
Based on predicted probability distributions of condition characteristics, forecast functions were evolved by 
applying non-linear methods of regression to represent several scenarios.
To forecast the future state of a user-selected road section, it was necessary to combine the different transition-
matrices with the current state by multiplication. This approach offers the possibility to predict the development in 
four-years-time-steps, which is described mathematically:
(3)
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4.3. Example
The following example shows the general idea of using incurrent age-related Markov Chains to predict the future 
state of a single road section. In this example the future behaviour of a chosen five years old road section is to be 
predicted for the next twelve years. Its current state is defined by a medium rut depth between 1 and 2 mm. 
Therefore, the current state is described as a vector to define the “start-vector”. By multiplication with the transition 
matrices of the ages 5, 9 and 13 it is possible to estimate the predicted probabilities for an age of 17 years. By using 
the least squares method for smoothing, the predicted probabilities can be transformed into continuous density 
functions (see Fig. 5).
Fig. 5. Predicted distribution functions using incurrent Markov Chains and forecast function.
Based on the already mentioned procedure from chapter 4.1, different kinds of prognosis functions can be 
derived. The stochastic approach allows selecting different quantiles of the predicted density functions, which are 
used for the derivation of an explicit prognosis function. For example, the rut depth for this road section will average 
out at about 5 mm using a medium development function (see Fig. 5).
5. Interpretation of results
The presented forecast model offers a whole “bouquet” of imaginable possibilities of interpretation, which could 
contribute to improve a systematic maintenance management. On the one hand, these forecast models can be used to 
predict the future state of asphalt pavements precisely by estimating distribution functions in time steps of four 
years. The established model can be used for whole road networks in the context of quality scenarios as well as for 
single road sections for a short-term planning horizon. The model provides average and pessimistic behaviour of 
road sections, whose results can be included into PMS. On the other hand, the new additional knowledge of 
sophisticated behaviour can be used in construction contracts between principal and agent.
5.1. Estimation of the rest of service life and implementation in PMS
The knowledge about the current state and the predicted time left of service life, depending on this information, 
influences the planning for budgeting and the decision for maintenance strategies. The estimation of suitable forms 
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of maintenance and the fitting point of time for operating is the major task of road operators. In order to compare 
different variants of operating, a target function is used in German PMS. This target function is described as the 
traffic-load-weighted space between the predicted forecast function and the estimated prognosis, which occurs due 
an executed maintenance strategy. The stochastic forecast model gives potential for a more precise optimisation of 
this function.
Fig. 6. Using the developed forecast model to optimise PMS-target function.
Fig. 6 shows a medium prognosis (orange) for a single road section. The green function symbolises the predicted 
state in the case of a maintenance strategy. The space between these two functions (orange hatching) symbolises the 
benefit of the maintenance strategy. By using the developed forecast model, an alternative more pessimistic 
prognosis function (red) can be analysed, which describes a highly progressive increase of damage in case of not 
operating at all. In the event of this “worst-case-scenario” the benefit of the maintenance strategy would increase, 
what is shown by the red-hatched added space. This information can be considered as an additional decision 
criterion during maintenance planning. 
5.2. Designing of construction contracts
By the possibility to predict the future state of road section precociously, an essential advantage is given which 
should be integrated into the process of creating construction contracts. According to the actual German guidelines 
the finished construction works and services must be free of defect at the time of formal acceptance. In the case of 
defects, the contractor has to remove them on his own costs. Furthermore, the contractor has to ensure to remove 
any defects, which appear during the period of warranty. Therefore, the forecast model is especially interesting for 
road sections, which are noticeably bad during the defects liability period. Based on the predicted future state, 
a concept for reimbursement can be developed, which reflects the theoretical reduction of service life. 
These aspects are highly interesting for road agencies and administration as well as for contracting businesses 
who also take care during service life in the context of public-private-partnerships. The former ones could create
a system based on a performance-related refund. The latter ones get the opportunity for risk assessment helping to 
optimise their capital investment.
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6. Conclusion
Summarising the researches and results of this paper, it can be concluded that the importance of maintenance 
planning will continue to rise the upcoming years. Therefore, the current approaches for prediction models should be 
reviewed and adapted to maintenance planning. A comparison between deterministic and probability forecast 
models shows the potential of using stochastic approaches in modern PMS, even though they seem more complex. 
A statistical analysis regarding the impact of several predictors and their interaction shows on the one hand the 
complexity of describing the entire behavior of asphalt pavement; on the other hand the results confirm the necessity 
of using stochastic forecast models, which are able to quantify the existing variances of the parameters.
The developed forecast model supplies the advantage of quantifying the variance concerning future behaviour of 
road sections. In dependence of age and the current state of road sections, it is possible to forecast its development 
with density functions for each time step by using Markovian transition probabilities matrices and smoothing
methods (Blumenfeld 2014). Based on predicted distribution functions, it is possible to simulate with non-linear 
regression methods and to rate with risk assessments different prospectively scenarios. This offers road operators an 
additional option to quantify uncertainty and to optimise their financial investments. Nevertheless, for a reasonable 
and sustainable pavement management, an optimised combination of theoretical approaches as well as expert 
knowledge and continual monitoring is indispensable.
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